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Abstract 
Congested conditions downstream from off-ramps often propagate upstream blocking all freeway lanes and affecting traffic that 
does not cause the bottleneck. Most efforts to understand this phenomenon have focused on how the queues form and propagate 
in the freeway, while scant attention has been paid to the causes of the formation of this type of queue. Exiting traffic often 
compete with traffic from surface streets for a limited capacity so that if part of this competing traffic is detoured to other streets 
the off-ramp will see its capacity increased. This paper studies this alternative by modeling what we consider fairly common 
conditions for the surrounding network. We propose a methodology to determine the flow of competing vehicles to be detoured 
to underutilized roads in the local network in order to improve the system’s capacity and reduce total delays under stationary 
conditions. We also study the conditions under which this strategy may be beneficial during a rush hour period. The methodology 
aims at keeping the off-ramp flowing uncongested, eliminating the queue in the freeway and leaving the remaining capacity for 
the competing traffic. An experiment to test the mechanism was conducted on an urban freeway in Santiago, Chile confirming 
the opportunity for improvements in the system as a whole. It also showed that when the off-ramp ends in a weaving section, the 
capacity of this section drops significantly when both approaches reach congestion, emphasizing the importance of preventing 
these queues from appearing. 
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1. Introduction 
Consider a fairly typical street network around an urban freeway surrounding an off-ramp as depicted in Figure 1. 
In the network, vehicles leaving the freeway through the off-ramp join at node M those coming from a surface local 
service or side road. Physically, this node can represent a merge or an intersection (signalized or priority). In the first 
case, the capacity of node M may be affected by lane changing maneuvers, as occurs in freeway merges (Cassidy 
and Rudjanakanoknad, 2005) and weaving sections (Bertini and Malik, 2004).In case node M is an intersection, the 
capacity depends on the timings of the signal or the flow on the priority road. The figure also shows a selected 
subset of surface streets nearby in the local network representing the local grid that will be relevant for our purposes. 
 
 
Figure 1: Network around off-ramp. 
Inflows from the side road and from the ramp compete for the limited capacity of node M which, if exceeded, 
may trigger a queue in both approaches. Given the high flows observed during peak periods in urban freeways, an 
off-ramp queue would easily reach the freeway affecting through traffic that is not causing the bottleneck (since this 
traffic will not take the ramp in question) and propagate very fast triggering significant delays for the system 
(Kerner and Rehborn, 1997; Daganzo, 1999; Daganzo et al., 1999; Newell, 1999; Muñoz and Daganzo, 2002, 
Cassidy et al., 2002). Furthermore, if node M is a merge or a weaving section, a capacity drop may be expected 
when queues are observed in both approaches (Cassidy and Rudjanakanoknad, 2005). 
In most cases the impacts of the queues are severe. There is a need to explore the circumstances under which they 
develop as well as management measures to mitigate them. Mitigation strategies available in the literature can be 
divided into two groups. The first group of strategies directly affect vehicles travelling on the freeway, such as lane 
assignment according to traveler’s destinations (Daganzo et al. 2002) or dynamic closing of congested off-ramps to 
detour vehicles to less congested ramps (Daganzo et al 2002, Van Den Berg et al, 2006). The latter may represent a 
too high penalty for detoured vehicles if nearby off-ramps are too far away.  
The second group of strategies directly affects traffic conditions on the surface streets, mainly by controlling the 
traffic lights on nearby intersections. As discussed in Tian et al (2002), most efforts to coordinate traffic from 
freeways and surface streets have focused on harmonizing ramp metering rates and traffic signals upstream 
(USDOT, 1996; Pooran and Lieu, 1994). The authors also comment that current practice on off-ramp coordination 
with surface traffic consists mainly in installing queue detectors at the upstream end of the off-ramp to prevent 
queue spillback onto the freeway. Once a queue is detected, the traffic signal gives the ramp extra priority and 
discharges the queue. The authors recognize that although the action eliminates queue spillback onto the freeway, it 
often disrupts normal signal operations on the surface street. Li et al (2009) move this idea one step further 
proposing to minimize total delays by coordinating nearby traffic lights with traffic states observed at the off-ramp, 
the freeway and the surface streets. Hagen et al. (2006) found that common measures to deal with off-ramp queues 
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include signal timing and geometric improvements. For urban areas, they also propose measures that require 
advanced technology such as TDM1 (to reduce freeway demand), ATIS2 (to inform travelers of traffic congestion), 
and ATMS3 (to deploy ramp metering systems or to detect and respond promptly to incidents).Note that most of 
these strategies assume that the downstream intersection from the off-ramp is controlled by a traffic light, and also 
that this traffic light is the main bottleneck that causes the queue to form, which is not always the case. 
In this paper we propose an alternative to avoid oversaturated off-ramps due to congestion downstream from it. 
The measure does not assume the presence of a traffic light at the end of the off-ramp, and it makes use of surface 
streets nearby the freeway. Therefore, it is more appropriate for off-ramps embedded in an urban environment. The 
approach consists of detouring a certain fraction of the side road flow through underutilized and nearby parallel 
roads in order to allocate more capacity of node M to the off-ramp flow. The detoured flow should be as low as 
possible, but high enough to avoid queues from arising on the side road and the off-ramp. Thus, all delays in the 
freeway caused by this off-ramp should disappear.  
The rest of the article is organized as follows. Section 2presents the proposed strategy in detail, while Section 3 
discusses how to determine the magnitude of the detoured flow. Since the benefits of this strategy come at the 
expenses of detoured vehicles, in Section 4 we present a model to determine when this strategy would be convenient 
to implement for the given network. Section 5 presents our case study in an urban freeway in Santiago, Chile, and in 
Section 6 we conclude. 
2. Description of the strategy 
Node M in Figure 1 represents the location where the flows coming from the off-ramp (qr) and from the side road 
(qs) merge. If the flows for both approaches are high, the capacity of node M may not be sufficient to service both 
without generating queues at one or both approaches.  
There are at least three alternatives to avoid the queue generated on the off-ramp: i) giving absolute priority to 
flow qr in M, ii) decreasing qr through the complete or dynamic closure of the off-ramp in order to force some of the 
vehicles that would use this ramp to continue on to the next exit (see Daganzo et al. 2002), and iii) decreasing qs by 
detouring a fraction Iof these vehicles to the local network (through link p in Figure 1). All three measures are 
designed to make the capacity of node M sufficient to accommodate the demand flows and avoid the generation of 
excessive queues on the freeway. In this study, we will focus on the third measure, in which an effort is made to 
expand the system’s available capacity by using parallel roads that may be underutilized. 
The proposed diversion decreases the flow on the side road arriving to node M to (1 – I)qs, which produces an 
increase in the available capacity for flow qr. The magnitude to be detoured, Iqs, is expected to be managed in order 
to avoid queues. To this end, the next section uses the merge model proposed by Daganzo and Newell (1995) to 
analyze the formation of queues at both approaches and to determine the magnitude of the recommended detoured 
flow. This strategy could even be beneficial in a scenario where the off-ramp is not congested, but the side road 
traffic could be alleviated by detouring some of its flow. The strategy could be even more attractive if the merge at 
M suffers a significant capacity drop once queues appear in both approaches. 
It is important to note that this strategy assumes the existence of an underutilized capacity in the local network 
around the off-ramp and that no bottleneck exists further downstream the freeway. One can only expect benefits 
from its implementation if this is the case. If the vehicles are detoured to roads that already present high levels of 
congestion, the delays to those vehicles could be too high and a big group of other users would also be affected, 
possibly generating a delay that is greater than the one observed in the original situation. Also, if an inactive 
downstream bottleneck becomes active on the freeway because of higher through flows, the delays caused by this 
bottleneck should also be considered in the evaluation of the detouring strategy. 
3. Determining the stationary fraction to detour 
 
1Traffic Demand Management. 
2Advanced Traveler Information Systems. 
3Advanced Traffic Management Systems. 
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Without loss of generality, we assume that node M corresponds to a merge, which includes a certain road section 
in which vehicles actually merge. However, the analysis presented here can be easily adapted to a controlled/priority 
junction. Figure 2a presents flows qr and qs to be expected on the ramp and side road (immediately upstream from 
point M) for different stationary demand levels on each approach (i.e. the rate of vehicles that wish to access point 
M) to be denoted as qr and qs for the ramp and the side road respectively. Even though the demand varies 
strongly over time, we will consider it constant for this analysis. Figure 2a also highlights the presence of queues for 
each approach for the different levels of demand.  
 
 
Figure 2: Interaction of off-ramp flows (qr) and side road flows (qs); (a) queuing conditions if no control is implemented, (b) detoured fractions 
and queuing conditions if the detouring strategy is implemented. 
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The sum of flows observed at each approach corresponds to the flow processed by node M. Thus, the flows (qr, 
qs) that can be observed at both approaches should not only satisfy the restrictions associated with their respective 
capacities (qr ≤ Qr  andqs ≤ Qs). They also must ensure that qr + qs does not exceed the capacity of the downstream 
segment, QM. That is, the flows observed are restricted to the set of points in the pierced polyhedron of Figure 2a. 
Without loss of generality, the figure assumes that Qr<QM and Qs<QM, that is, the capacity of node M is greater than 
the capacity of each of the approaches taken separately. We will also assume that in the presence of queues on both 
approaches, the flows observed on the ramp and the road will be in proportion αr:αs (such that αr+αs=1). 
Thus, if the point (qr, qs) is inside of the polyhedron, none of the three restrictions would be active and there 
should be no queue at any approach, that is, qr= qr and qs= qs.  On the other hand, if the point (qr, qs) is 
outside of the polyhedron, there would be queues at least on one of the approaches (Daganzo and Newell, 1995). We 
distinguish three of such cases. If qr ≥ qr= Dr·QMand qs ≥ qs= Ds·QM, a queue would be observed at both 
approaches and the flows of the ramp and side road would merge in a proportion of αr:αs. If qr ≥ qr and 
qs<qsa queue would be observed only at the off-ramp, while if qr<qr and qs ≥ qsa queue would be 
observed only at the side road. 
The purpose of the proposed control strategy is to limit access to a fraction of the vehicles coming from the side 
road so as to maintain the merging of the two flows operating at maximum capacity and avoid queues on the 
freeway off-ramp if possible. Figure 2b presents the proposed strategy in terms of the fractionIto detour from the 
side road and its expected impact regarding presence of queues in each approach. If the point (qr, qs) is inside of 
the polyhedron, no queue should be observed at any approach, meaning that it would not be necessary to detour any 
vehicles. However, if point (qr, qs) is outside of the polyhedron, it may be advantageous to detour a fraction Iof 
the vehicles in link s. We will distinguish four cases for our control strategy: 
x qr>Qr and qs≤qs1 = QM – Qr. In this case, the demand for the ramp exceeds its capacity while the demand for 
the side road does not generate queues. Thus, no benefit is obtained from detouring vehicles from link s, since the 
ramp is discharging at capacity while the merge has not reached its own.In this case I=0, and the flow in the 
merging section will be Qr+qs, which is less than QM. 
x qr>Qr and qs> qs1.  In this case, the demand for the ramp exceeds its capacity, which along with the demand 
volume for the side road again guarantees a queue at the ramp (and on the side road if qs ≥ qs) in the absence 
of a control strategy. To maximize the flow coming from the ramp, some vehicles should be detoured from link s, 
reducing its flow toqs1 and allowing the ramp to operate at its capacity, Qr. As such, (1–I) qs= qs1. That is, I= 1 
– qs1/qs. In this case, despite of detouring a fraction Ifrom flow qs, a queue will still exist on the ramp 
(although shorter than if there had been no detour). 
x QM – Qs=qr1<qr<Qr and qs> QM – qr. In this case, the demand for the ramp does not exceed its capacity and 
it can thus be served completely by node M. However, the sum of flows qr and qs is greater than capacity QM 
so a queue will grow in at least one approach. These queues could be avoided if enough capacity was available in 
the local network. In such a case, the strategy consists in detouring as many vehicles as required for node M to 
work at capacity; i.e. serve all of the flow qrand devote the remaining capacity to the side road flow that was 
not detoured. In this case, the remaining capacity for the flow in the side road would be QM–qr. That is, (1–I)qs= QM –qr or I=1 – (QM –qr)/ qs. Once this fraction of vehicles is detoured, no queue should be 
observed at the off-ramp and the side road. 
x qr<qr1 and qs>Qs. In this case a queue would grow in the side road but not in the ramp. It might still be 
beneficial to detour some of the side road flow to avoid the delays caused by this queue. In such a case the 
fraction to be detoured would be I= 1 – Qs/qs. After the detour, the side road would be at capacity and the 
merge would still have some slack. 
 
This control strategy has been described based on a stationary model. However, the dynamics of the fraction of 
side road flow to be detoured during a peak period can still be determined based on the same analysis. The next 
section is devoted to extend the control strategy analysis for a full peak period and determining under which 
scenarios the strategy is beneficial. 
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4. Advisability of the strategy during a rush hour 
Detouring vehicles that used link s through link p imposes a cost in these vehicles and in the vehicles originally 
in p. In order to determine when the proposed strategy is recommendable, we present a quite simplistic but insightful 
model. The model is based on a graphical discussion on how the stationary strategy presented in Section 3 would 
work for a full rush hour.  
In Figure 3 we present several cumulative curves of vehicles versus time at different locations of our network. 
Figures 3(a-e) present the situation if no control strategy is taken (base scenario), while Figures 3(f-j) present the 
situation when the proposed strategy is implemented. Curves Ar(t), As(t), AM(t), Af(t) and Ap(t) represent the 
cumulative number of vehicles desiring to arrive by time t (i.e. if no queues are observed in the network shown in 
Figure 1) at the following respective locations: the off-ramp right before the merge, the side road right before the 
merge, at the merge (fed by both approaches, so Ar(t) + As(t)= AM(t)), at the freeway immediately downstream from 
the off-ramp and at the downstream end of the parallel road. We will denote Dr(t), Ds(t), DM(t), Df(t) and Dp(t) the 
actual cumulative number of vehicles passing at these locations. We add a superscript c to the curves corresponding 
to the control strategy (control scenario). The area between curves A and D represents the total delay suffered by all 
the affected vehicles up to this point. 
We assume that the off-ramp queue is triggered at the merge. Thus, if no control strategy is taken a queue will be 
first observed at M at time ti. Also the last queue observed in the network during the rush hour will be at M at a time 
we will denote te.  For the purpose of determining the convenience of implementing this strategy we will analyze the 
delays suffered by all vehicles in the network during this interval [ti,te].In these graphs we assume a specific single 
peaked rush hour demand scenario. We assume that if the control strategy is not implemented no queues are 
observed until the merge reaches capacity, initially triggering a queue only at the off-ramp. Later, the demand grows 
and queues are observed in both approaches. We assume that in all this process the off-ramp demand never exceeds 
its capacity and that the parallel road faces no congestion at all. In the next sections we analyze both scenarios and 
obtain an approximated indicator for the delays suffered by all vehicles. Extending this analysis to a different 
scenario in which vehicles arrive in different patterns or queues trigger in different order is straightforward. 
4.1. Delays suffered if the strategy is not implemented 
If there is no control of any sort, the first bottleneck is triggered at ti at the merge causing a queue to develop at 
the off-ramp (see Figure 3a). This queue propagates to the freeway where quite soon (at tfi, see Figure 3d) delays are 
suffered. Eventually the queue may affect all lanes causing a FIFO queue with a fixed and lower discharge. At time 
tsi changes in the demand trigger a queue also at the side road (Figure 3b). Later in the rush hour the reverse process 
happens where the queue first vanishes at the side road (tse), then at the freeway (tfe) and finally at the off-ramp at te. 
Notice how the flow at the ramp diminishes gradually after ti until the side road queue appears. Since then, the ramp 
discharges at Dr·QM. Once the side road queue vanishes, the ramp discharge starts growing again until the ramp 
queue vanishes too. 
In this case we observe delays at the ramp (Wr), side road (Ws) and freeway (Wf). We will define dr, ds and df as 
the average delay per vehicle on the ramp, side road and freeway downstream of the ramp, respectively, where the 
average is taken over all vehicles wishing to pass through the respective locations in the [ti, te] interval, denoted by 
nr, ns and nf. Thus, we can estimate the total delay in the system for the base scenario, Wbase, as the following 
expression: 
Wbase= nrdr + nsds + nfdf  (1) 
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Figure 3: Graphical analysis of the situation during a rush hour without control (a-e in the left side) and when the strategy is implemented (f-j in 
the right side);  a) and f) corresponds to cumulative curves at the end of the ramp, b) and g) at the side road, c) and h) at the merge, d) and i) at the 
freeway downstream from the off-ramp, while e) and j) at the parallel road. 
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4.2. Delays suffered if the strategy is implemented 
If the strategy described in section 3 is dynamically applied, vehicle should start being detoured at ti once the 
merge reaches capacity (recall that we are assuming that the off-ramp and side road instantaneous demands do not 
reach the capacity of their own approaches before ti). The flow of detoured vehicles should be such that the non-
detoured vehicles plus the off-ramp flow must equal the merge capacity, QM, as shown in Figure 3h. Notice in 
Figure 3g how the flow of detoured vehicles grows with the off-ramp flow and reaches a maximum rate at W1 when 
the sum of the instantaneous flows of the ramp and side road reaches its maximum value. After this time the 
detouring rate start dropping and finally becomes zero when the sum of the incoming flows reaches QM back again 
(at W2). We will call the total number of detoured vehicles ncs. Detoured vehicles impact the parallel road, as shown 
in Figure 3j, causing a queue that starts at tpiand ends at tpe. The full effects of the detoured vehicles on the parallel 
street could be harder to estimate since they may affect other surrounding streets as well; these effects are not 
considered in this analysis, but they could be later incorporated depending on their relative magnitude. 
The detour also imposes an extra free-flow travel time tff for the detoured vehicles ncs; i.e. the difference in free 
flow travel time between the detour path p and the direct path s. We denote the total delay on the parallel street as 
Wp (Figure 3j), while the average delay per vehicle on the parallel street in the [ti,te] interval (considering all 
vehicles) is denoted by dcp,. The number of vehicles involved with this delay corresponds to the np vehicles 
originally circulating in the parallel street plus the detoured vehicles ncs. Thus, the total delay of the system for the 
control scenario, Wcontrol, is expressed as: 
Wcontrol= ncs(tff+dcp) +np dcp  (2) 
4.3. Total delay comparison 
Thus, in this simple scenario, the control strategy would be beneficial as long as Wcontrol<Wbase. This is equivalent 
to: 
n
c
s<( nrdr + nsds + nfdf– np dcp) / (tff+dcp)  (3) 
Expression (3) sets an upper bound to the total number of vehicles to be detoured for the strategy to be beneficial. 
We could extend the simple scenario presented in Figure 3 by assuming that the ramp demand exceeds its 
capacity Qr at some point so the delay at the ramp and the freeway could not be completely eliminated with the 
control strategy as assumed here. In such a case, dcf and dcr denote the average unitary delay at the freeway and the 
ramp, respectively, once the control strategy is implemented. Additionally, it is reasonable to assume that the 
parallel street will have some congestion before the control strategy is implemented; we will denote its average 
unitary delay as dp. If these effects are included in expressions (1) and (2), they become: 
Wbase= nrdr + nsds + nfdf + npdp  (4) 
Wcontrol= nr dcr + ncs(tff+dcp) + nfdcf + np dcp  (5) 
Condition (3) becomes: 
n
c
s< (nf'df + nr'dr + nsds + np'dp) / (tff+dcp)  (6) 
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In the above expression, 'd(·)= d(·) – dc(·). It is expected that 'df and 'dr will be greater than or equal to zero. On 
the other hand, 'dp≤ 0. Thus, the control strategy should be implemented only if the total number of vehicles to 
detour is lower than the upper bound presented in expression (6). Notice that the bound could be larger than ns, 
meaning that no constraint should be placed based on this analysis.  
5. Field implementation 
Implementing the proposed strategy requires some sort of signaling that dynamically detours a certain fraction of 
the flow arriving from the side road. Even though we did not get the permission to test our strategy in this section 
we describe a partial experiment we were allowed to conduct where the impacts of the strategy can be glimpsed. 
5.1. Site description and base scenario 
Sandoval and Muñoz (2008) studied a five kilometer north-bound stretch of the Autopista Central. The stretch 
corresponds to the urban section of the Panamerican Freeway in Santiago, Chile. In the study, they analyze morning 
peak period data from three weekdays during October 2007, and they identify two active bottlenecks. One of them 
occurs in the vicinity of an off-ramp where the local surrounding network is very similar to the one presented in 
Figure 1. Figure 4a shows the network around the off-ramp of interest and the location of three loop detector stations 
in the freeway which provided data. Station R is at the off-ramp while stations U and D are 175 meters upstream and 
425 meters downstream from it respectively. The off-ramp flow merges with the side road flow into a 180-meter 
section ending in a traffic signal. 
 
 
Figure 4: Details of the roads around the off-ramp with direction of traffic: (a) merging section and (b) detours implemented. Scale: 1:5000. 
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The existence of an off-ramp queue can be supported by Figures 5a and 6a. They show the average speed data 
aggregated in periods of one minute for stations U and D, respectively, on the first of the three days (the behavior on 
the other two days was similar). The comparison of the two graphs suggests the presence of an active bottleneck 
between the two locations, since free flow conditions are observed downstream (speeds around 80 km/h) and 
congested conditions are observed upstream (speeds around 40 km/h for the center and median lane, and below 20 
km/h for the shoulder lane). The speed profile on the off-ramp (obtained from station R) is also shown in Figure 5a. 
Here we see that speed falls first on the off-ramp around 7:15 am, then on the shoulder lane, and later on the center 
and median lanes. The previous facts suggest the presence of a queue on the off-ramp, which propagates into the 
shoulder lane of the freeway (around 7:25am). The queue then propagates upstream but also laterally, slowing down 
the three lanes on the freeway (around 7:35am). Around 7:40 am the speeds at the off-ramp and the shoulder lane 
drop even further. 
 
 
Figure 5: Aggregated speed by minute in station U: (a) regular day without intervention (Day 1 in Sandoval and Muñoz, 2008); (b) first day of 
the intervention; (c) third day of the intervention. 
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Figure 6: Aggregated speed by minute in station D: (a) regular day without intervention (Day 1 in Sandoval and Muñoz, 2008); (b) first day of 
the intervention; (c) third day of the intervention. 
We postulate that the off-ramp queue is due to the insufficient capacity of the “merging section” (see Figure 4a) 
to accommodate both the off-ramp flow and the side road flow. We use the flow merging model presented by 
Daganzo and Newell (1995) and shown in Figure 7 to support this claim. 
In this figure, the side road demand flow is plotted against the off-ramp demand flow, both measured 
immediately upstream from the merge. A theoretical saturation flow per lane of 1800 veh/h is initially assumed. 
Given that the side road, the off-ramp, and the merging section have two, one and three lanes, respectively, the 
following constraints emerge (using the same notation introduced in Section 3): qs ≤ 3600, qr ≤ 1800 and qr+qs ≤ 
2700. The last constraint corresponds to half of the theoretical saturation flow of the merging section because the 
green time for this approach yielded by the traffic signal at the end of the merge section corresponds to half of the 
cycle of the downstream traffic light. However, since vehicles are merging the real capacity of this section is 
expected to be slightly lower. Figure 7 displays these three constraints, resulting in a polyhedron whose interior 
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points describe the feasible combination of flows (qs,qr) for both approaches. In contrast to Figure 2, this polyhedron 
has only four sides since the capacity of the merging section is lower than that of the side road (QM<Qs).  
Using video cameras vehicle counts on the side road and on the off-ramp immediately upstream from M were 
obtained for the first two of the three days (no data was recorded at this point on the third day) and were aggregated 
in periods of five minutes. This allows for qr vs. qs to be plotted over Figure 7.  
 
 
Figure 7: Model of the merging of flows of the ramp and the side road (Day 1 and Day 2 in Sandoval and Muñoz , 2008). 
Figure 7 shows the evolution of the off-ramp and side road flows for both days distinguishing the three stages 
observed for the off-ramp in Figure 5a (before 7:15 am, between 7:15 am and 7:40 am and after 7:40 am). At 6:45 
am the flows are well below the constraints marked in the diagram. As time passes, both flows begin to increase 
until they reach points close to the theoretical capacity of the merging section (qr+qs=2700). This first period 
corresponds to free flow in both approaches and no queues are observed in any of them. 
A second period begins when the flow on the side road increases (at around 7:15 am), taking part of the capacity 
that was previously destined to the off-ramp flow and hence decreasing its discharge flow. The series of points 
begins to move in parallel to the straight line qr+qs = 2700. During this period, congestion is observed at the off-
ramp, while the vehicles on the side road still enter more or less freely without the presence of a queue. As expected, 
the points move in parallel to the curve qr+qs=2700, confirming that the capacity of the merge in practice is actually 
less than the theoretical capacity indicated above (2700 veh/h). In order to determine the real capacity of this merge, 
a regression is conducted with the second stage data in the evolution of the flow, which yielded a capacity of around 
2400 veh/h. This new curve, qr+qs=2400, is plotted as a dotted line in Figure 7.  
The third stage begins around 7:40 am, when the observed flows fall notoriously from the line qr+qs=2400, 
denoting a clear drop in the merge’s capacity to around 1800 veh/h and sometimes significantly less. The points 
seem to group around a straight line that preserves the proportionality of both flows, showing a sort of alternating 
priority. It is interesting to note that this fits fairly well with the evolution predicted by Daganzo and Newell (1995). 
During this period, severe queues are observed at both approaches. The loss of capacity observed is higher than 25% 
0
300
600
900
1200
1500
1800
2100
2400
2700
3000
0 600 1200 1800
q c
(vp
h)
qr (vph)
6:45am - 7:15am (day 1)
7:15am-7:40am (day 1)
7:40am-9:30am (day 1)
6:45am-7:15am (day 2)
7:15am-7:40am (day 2)
7:40am-9:30am (day 2)
Germán E. Günther et al. / Procedia Social and Behavioral Sciences 17 (2011) 27–43 39
and exceeds the drops in capacity reported on freeways downstream from an on-ramp (Chung et al., 2007). In our 
case, the freeway off-ramp acts as an on-ramp to the side road, which has its own flow coming from upstream. It is 
interesting to realize that the capacity drop observed previously on freeway merges also occurs on other type of 
merge. 
The signal times at the traffic light located downstream from the section were not changed, which could have 
explained this loss in capacity. The capacity drop occurs at different moments on each day (a bit later in Day 1), 
which leads us to dismiss the traffic light as the cause. One possible cause of this capacity drop and the formation of 
a queue that propagates into the freeway is the very frequent crossing between vehicles that come from the ramp and 
side road. This occurs as a result of the short distance in which vehicles coming from the off-ramp must cross over 
to turn right at the traffic light located downstream from the exit in order to access the local network, which is the 
case for most of them, while most of the vehicles coming from the side road wish to turn left or go straight to access 
the freeway further downstream. Therefore, the merging section downstream from the off-ramp acts as a weaving 
section in this case. Lane changes on the merging section generate the queue that then propagates to the ramp and 
eventually blocks the freeway. Lane changes also are observed as the major cause of loss of capacity of urban 
freeways downstream on-ramps (Cassidy and Rudjanakanoknad, 2005). 
5.2. Field experiment 
5.2.1. Experimental design 
The assistance of police officers and personnel from the freeway was required to implement the strategy in situ, 
mainly to detour vehicles from the side road. Unfortunately, authorization to detour vehicles in accordance with 
Section 3 was not granted mainly because of the difficulty of dynamically detouring a fraction of the flow without 
having the appropriate technology or signaling device. The condition imposed to us for intervening in the local 
network was that of closing the side road to all vehicles and then reopening it to all traffic just once. That is, the side 
road could be closed for a period during which all of the vehicles would be detoured. Once that period ended, the 
side road would open again and could not be closed.  
As a result, the experiment conducted can be seen as a special case of the strategy described where I=1 for a 
certain period of time (starting at 6am) and I=0 for the rest of the time. The experiment was scheduled for the 
morning rush on three consecutive weekdays (April 14-16, 2009). Figure 4b displays the detours implemented and 
the streets that were blocked during the experiment. For the reasons mentioned in the following sections, the 
strategy implemented on the first two days was slightly different than the one used in the third day, as some 
measures were applied to improve the results. Therefore, the results are also slightly different on that day. 
5.2.2. Results for the First and Second Day of Implementation 
Similar results were obtained for the first two days of the experiment, so only those from the first day are 
presented below. Detouring all of the vehicles from the side road eliminated the interaction between vehicles on the 
merging section. However, there were significant negative effects for the detoured vehicles because a large queue 
formed on the parallel road (aggravated by the constant blockage caused by pedestrians at the point at which the 
detoured vehicles joined up with the side road again -point B in Figure 4b- and the inadequate green times at the 
traffic lights). The queue generated on the parallel route grew until it reached the point where the detour began 
(point A in Figure 4b) propagating further upstream. In view of this situation, the decision was made to end the 
detours at 8:30 am. 
As a result of this strategy, no queue was observed on the freeway before 8:30am, as can be inferred from the 
high speeds measured at stations U and D in Figure 5b and 6b, respectively. However, as soon as the closed roads 
were reopened, speeds on the off-ramp dropped to similar levels to those that are normally observed when the 
bottleneck is active. This drastic reduction in speed was caused by vehicles that were in the queue on the side road 
(upstream of point A), which entered the merging section as a platoon when the roads were reopened, blocking the 
off-ramp immediately. The speed drop was then observed on the shoulder lane and later on the other lanes, 
activating the bottleneck (see Figure 5b) in very short time. High speeds observed after 8:30am in Figure 6b at 
station D suggest that the traffic downstream the off-ramp was freely flowing, and therefore the low speeds in 
Figure 5b are not due to a downstream queue propagating backwards. 
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5.2.3. Results for the Third Day of Implementation 
Because of the results on the first two days, the decision was made to detour the vehicles for a shorter period of 
time depending on the length of the queue that developed on the parallel road (Dieciocho street). That is, the side 
road was reopened before the queue on the parallel road reached detour point A. As a result, on the third day, the 
detours ended at 7:50 am. Once the side road was reopened, vehicles from this road entered the merging section 
more randomly distributed in time, and not as the platoon of vehicles observed in previous days. As a result, the off-
ramp was not blocked immediately. Figure 5c shows that the speeds slowly decreased at stations U and R and that 
there was a short period of low speeds and a rapid recovery. Note that the speed on the shoulder lane did not fall to 
the levels observed in a normal day. 
As in the previous days, high speeds observed in Figure 6c at station D suggest that the low speeds in Figure 5c 
are not due to a downstream queue propagating backwards. 
The reader may also note that the speed profile at the off ramp before 7:50 am (Figure 5c) is different than the 
one observed in the previous day (Figure 5b). In term of the strategy implemented, we did exactly the same on both 
days before 7:50 am. For this reason, we believe that the differences are intrinsic to the randomness of traffic flow. 
In fact, the three speed drops at the off-ramp occurred before the side road was reopened at 7:50 am. 
5.2.4. Comments 
During the experiment, the average flow measured on the freeway between 7am and 9am was 4400 veh/h, which 
is approximately 28% higher than the average flow measured during a normal day (3430 veh/h during the week 
before the experiment). Likewise, the average flow on the off-ramp jumped from 600 veh/h on a normal day to 1600 
veh/h during the experiment. These higher discharge flows were achieved at the expenses of the detoured users. 
Unfortunately, delays suffered on the parallel road were not measured during the experiment. In order to obtain a 
more complete indicator that considers winners and losers, microsimulation was used (AIMSUN). The performance 
indicator to compare different scenarios is a social cost that considers delays and stops of all vehicles. 
Table 1 presents the results of the simulations. The social cost associated with each of the main roads and the 
total cost for the whole network are presented along with the corresponding percentage difference compared to the 
simulation of the base situation (without intervention) 4. Column (1) presents the results of the simulation that 
replicates the first two days (detours end at 8:30 am) and column (2) shows the simulation for the third day (detours 
end at 7:50 am). There is a positive net benefit in both cases given that the social cost decreases by 20% on the first 
two days of intervention and 25% on the third day. As expected, vehicles circulating on Dieciocho Street (the 
parallel road) experienced significant increases in stops and delays, especially in the first two days, and the off-ramp 
and freeway users are the main winners in these two scenarios. 
Implementing a strategy like the one described in section 4 requires sensing the flow at the ramp and detouring 
exactly the right amount of flow to keep the merge working at capacity. We understand that such a strategy could be 
quite complicated to implement. So instead, we simulated two adaptations of the strategy that could be implemented 
with a traffic signal and/or a police officer. 
In the first adaptation of the strategy, the signal would detour a fixed fraction of the arriving vehicles during a 
certain period of time. Column (3) in Table 1 presents the results. Compared to the results for the days of the 
experiment, this strategy produces improvements in practically every approach. Interestingly, it causes only mild 
impacts on the parallel roads. Only the freeway and off-ramp experience a reduction in their benefits since the fixed 
detouring rate strategy cannot adapt to usual demand fluctuations. Thus, queues propagating to the freeway cannot 
be systematically avoided. At the system level, the social cost is reduced 37% compared to the base situation. 
Table 1: Social cost including delays and stops (in CH$) in the simulated network for the base scenario and four intervention scenarios: (1) 
detours until 8:30am, allowing blockage of detour point A; (2) detours until 7:50am prior to the blockage of detour point A; (3) detouring 
according to the strategy described in Section 3; (4) dynamic detouring as a function of the length of the queue in the parallel road. 
 
4The difference as a percentage was calculated as (SCcc – SCbase)/SCbase, where SCcc is the social cost of implementing the control and SCbase is 
the social cost associated with the base situation.
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Approach Base 
(1) (2) (3) (4) 
Sim. Diff.% Sim. Diff.% Sim. Diff.% Sim. Diff.% 
Off-ramp 178218 85885 -52 94785 -47 100341 -44 86401 -52 
Freeway 250667 71357 -72 10076 -72 83567 -67 69581 -72 
Side road 127257 142660 12 148960 17 71432 -44 65469 -49 
Dieciocho 55928 139352 149 101488 81 58998 5 80398 44 
Sta. Isabel 127487 142451 12 139189 9 136678 7 132845 4 
10 de Julio 96059 105491 10 111796 16 94345 -2 85535 -11 
Total 752645 598656 -20 566754 -25 471908 -37 439183 -42 
 
 
The second adaptation of the strategy is based on an insight provided by the field experiment. Once the side road 
was reopened at 7:50am on the third day, the queue on the parallel road (Dieciocho) dissipated in 10 minutes. This 
happened before the queue formed on the off-ramp and its speed fell. This suggests that the detours could have been 
activated again once the queue at the parallel road dissipated to prevent an off-ramp queue. This would again create 
a queue of detoured vehicles on the parallel road, which could be eliminated by reopening the roads before detour 
point A is blocked. One could thus continue to alternate between opening (I=0) and closing (I=1) the side road 
during the peak period, implementing a scheme similar to an actuated traffic light. As such, the second adaptation of 
our strategy consists in this dynamic control mechanism. This control scheme was also simulated in AIMSUN. The 
results are shown in column (4) of Table 1. If column (4) is compared against column(3), delays and stops increase 
on the parallel road and decrease at the off-ramp and freeway, which is expected since the strategy uses the parallel 
road at its maximum capacity leaving the off-ramp flowing below capacity. At the aggregate level in the local 
network, social costs (delays and stops) diminish compared to the fixed detouring strategy since strategy (4) adapts 
to traffic fluctuations. However, the strategy affects detoured vehicles significantly.  
6. Conclusions 
A control strategy for avoiding the formation of queues on freeway off-ramps has been proposed. The strategy 
consists of detouring vehicles from the side road to alternative underutilized surface routes,therefore increasing the 
system’s capacity. The detouring reduces the interaction between side road vehicles and those from the ramp, 
preventing queues from forming and propagating into the freeway. Unlike other strategies found in the literature to 
manage off-ramp congestion, the strategy proposed here neither assume the presence of traffic light downstream the 
off-ramp nor affects vehicles on the freeway. In the case that the merge is equipped with a traffic light, its allocation 
of green times should be adapted dynamically according with the detoured flow. 
The paper uses the merge model proposed by Daganzo and Newell (1995) to suggest a methodology for 
determining the fraction of vehicles to be detoured in order to obtain a net benefit system-wide. 
A field experiment was conducted to evaluate the strategy, and its results were encouraging. The experiment 
provided important insights to be considered before the strategy is implemented. The almost instantaneous 
activation of the bottleneck once the side road was reopened and a platoon of vehicles entered and blocked the 
merging section was not observed during the third day. The previous facts suggest that the bottleneck activation 
mechanism not only depends on the volume of traffic but also on the way in which this volume access the side road 
and the merging section. Therefore, queues on the off-ramp and parallel roads are acceptable as long as they do not 
reach the freeway and the detouring point, respectively. Based on the results of the case study, an alternative 
dynamic flow control was proposed that eliminates the need to measure flows and only requires detecting the arrival 
of the queue to a certain point near the end of the local parallel road. 
Field data showed that for the study site the merging section behaves as a surface weaving section, dramatically 
reducing the capacity when queues are observed on both approaches. In such cases, the benefits of the detouring 
strategy are more significant because it also avoids the capacity drop at the merge point. 
Although the strategy reduces total delays, it mainly benefits freeway users at the expenses of surface streets 
users. The social implications of these issues should be considered before its eventual implementation. 
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For its practical implementation, the proposed strategy needs a regular traffic signal (ideally with variable 
message signs) that could close the entrance to the side road forcing vehicles to take the detour. A more advanced 
monitoring could consider traffic detectors to improve the decision based on real-time information about queue 
lengths (cameras, loop detectors, etc.) and instantaneous flows. 
If implemented, enforcement is crucial for the success of the strategy since any vehicle ordered to detour would 
benefit by not doing so. One could think of an implementation where side road drivers spontaneously assign 
themselves to both paths according to the ratio suggested in this paper. Such an implementation would request a 
metering signal at the side road right before the merge allowing only the flow suggested in this paper. Such a 
metering would cause a queue to grow upstream on the side road. For the flow assignment to be consistent with the 
one proposed in this paper, side road vehicles willing to take the detour into the parallel road should be allowed to 
skip the queue. 
Finally, it is interesting to link this proposal with the Braess Paradox (Braess, 1968), in which it was postulated 
that when users select their route minimizing their own costs, adding extra capacity to the network could generate a 
reduction in its aggregate performance. Something similar happens in this case because an improvement is obtained 
in the network through the elimination of some connections. 
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